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Abstract. High-resolution, high signal-to-noise spectral 
data are presented for four young B-type stars lying to- 
wards the Galactic Centre. Determination of their at- 
mospheric parameters from their absorption line profiles, 
and uvby photometric measurement of the continua indi- 
cate that they are massive objects lying slightly out of 
the plane, and were probably born in the disk between 
2.5— 5 kpc from the Centre. We have carried out a detailed 
absolute and differential line-by-line abundance analyses 
of the four stars compared to two stars with very similar 
atmospheric parameters in the solar neighbourhood. The 
stars appear to be rich in all the well sampled chemical 
elements (C, N, Si, Mg, S, Al), except for oxygen. Oxygen 
abundances derived in the atmospheres of these four stars 
are very similar to that in the solar neighbourhood. If the 
photospheric composition of these young stars is reflective 
of the gaseous ISM in the inner Galaxy, then the values 
derived for the enhanced metals are in excellent agreement 
with the extrapolation of the Galactic abundance gradi- 
ents previously derived by RoUeston et al. (2000) and oth- 
ers. However, the data for oxygen suggests that the inner 
Galaxy may not be richer than normal in this element, 
and the physical reasons for such a scenario are unclear. 

Key words: B-stars - starsiatmospheres 
stars:abundances - Galaxyievolution - Galaxy:center 
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1. Introduction 

The current metallicity of the Galactic disk represents 
a fossil record of chemical enrichment since the birth of 
the Milky Way and during its subsequent evolution. As 
stars continually enrich the interstellar medium with their 
nucleosynthetic products, the metallicity of the disk in- 



creases over time. By investigating the relative abundance 
of chemical elements as a function of time and position 
within the Galaxy, it is possible to constrain models of 
Galaxy formation and evolution. 

Much work has been done on tracking the chemical 
evolution of the solar neighbourhood as a function of time 
using age-metallicity relations and element abundance ra- 
tios in cool F a nd G- type stars. The seminal work by Ed- 
vardsson et al. ( 1993| ) showed the potential of using sam- 
ples of nearby stars with an age spread to trace the tempo- 
ral evolution of the disk and the halo, and s uch w ork has 
been extende d by, for example, Fuhrmann ( |l998 ) and Is- 
raelian et al. ( 1998 ). These types of metallicity ratios have 
been modelled by many authors (e.g. Carraro et al. 1998, 
Pilyugin & Edmunds 1996 and references therein), in order 
to constrain our Galaxy's history. The photospheric abun- 
dances of massive stars (viz. stars with ZAMS ^ 10 M0) 
do not have the potential to provide us with temporal in- 
formation as they are by nature short-lived objects (with 
typical lifetimes of the order of '^lO-SOMyrs). However, 
their high intrinsic luminosities mean that we can spec- 
troscopically observe them at large distances from the so- 
lar neighbourhood; OB-type main-sequence stars are typi- 
cally 8™ visually brighter than early G-type dwarfs. Their 
photospheres are representative of the interstellar material 
from which they were born due to their relative youth. 
Hence, we can spatially and radially sample the metal- 
licity of the Galactic disk by determining abundances in 
distant, luminous blue stars. The radial variation of dif- 
ferent elements provides a further key constraint on the 
formation and evolutionary mechanisms of the Galactic 
disk (Matteucci & Francois 1989 , Matteucci & Chiappini 
1999t Prantzos & Aubert [l995| , Portinari & Chiosi |1999 , 
Pagel & Tautvaisine |l995|). 
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These models require further observational constraints 
to restrict the possible influence of their many free param- 
eters such as initial mass function, gas fraction variations, 
star formation rates, infall and outflow rates and metallic- 
ity dependent stellar yields. Previous work has shown that 
the metallicity of the Galactic disk decreases as Galacto- 
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centric distance increases. This metallicity gradient has 
been reproduced quantitatively using a number of dif- 
ferent methods. For example, extensive studies of opti- 
cal emission lines in Hii regions by Shaver et al. (1983) 



and Fich & Silkey (1991) have derived an oxygen abun- 
dance gradient of — 0.07±0.02 dex kpc^ ^ ; within the region 
6 ^ i?g ^ 15kpc (where Rg refers to Galactocentric dis- 
tance throughout this paper). Good agreement was also 
found by Maciel & Koppen (1994) and Maciel fc Quir eza 



(|1999|) from PN studies, and by Afflerbach et al. ( |l997| ) in 
a study of ultra-compact H ii regions. Several studies of B- 
type main-sequence stars throughout the disk had given 
discrepant results, and a much shallower gradient than 
that derived from the nebular studies (e.g Fitzsimmons 
et al. 1992|, and references therein). However Smartt & 
Rolleston ( 1997 ), in a consistent re- analysis of an extensive 
data-set of B-type stars covering 6 ^ Rg ^ 18kpc, showed 
that previous B-type star studies produced spurious gra- 
dient determinations, and derived an oxygen abundance 
gradient of — 0.07± 0.02 dex kpc~^ in excellent agreement 
with the nebular studies. As a follow up to this, Rolleston 



et al. (200C; hereafter RSDR) carried out a more detailed 
and exhaustive survey of the large data-set gathered by 
the group at Queen's University and have confirmed this 
result, while also producing abundance ratios of different 
elements along the disk. Further work by Gummersbach 



et al. (1998) also indicates that the nebular and stellar re- 
sults are in agreement within the errors of measurement. 
However, most studies of the chemical composition of 
the Galactic disk have concentrated on the solar neigh- 
bourhood, and the anti-centre direction. Optical extinc- 
tion rises steeply in the direction toward the Galactic Cen- 
tre, and restricts the optical observation of disk stars more 
than a few kiloparsecs away. In the anti-centre direction 
we have previously prob ed ou t to Rg ~18kpc, experienc- 
ing A„ ~3 (Smartt et al. 199£), but have only managed to 
observe open clusters towards the Centre approximately 
2— Skpc away (RSDR) with a reddening of A^ ~2. The 
metallicity within the solar Galactic radius is poorly sam- 
pled, with only a few IR studies available. Rudolph et al. 
( |l997|) and Afflerbach et al. (1997) have used similar obser- 
vational methods for far-IR emission lines in Hil regions 
(of differing sizes) as ISM abundance probes. This far-IR 
technique has allowed observation of some inner Galactic 
regions. These studies suggest that the abundance gradi- 
ents for both nitrogen and sulphur do tend to increase 
towards the Galactic Centre, but both indicate that their 
oxygen abundance derivations may suffer some uncertain- 



ties (see Section 5.1). Carr et al. (2000) have achieved a 
first determination of stellar abundances (in an M-type 
supergiant) directly at the Galactic Centre in the spec- 
tacular star forming region within the central few hundred 
parsecs. They find an Fe abundance close to that of the 
solar neighbourhood, which at first may seems surprising 
given the wealth of evidence of a strong abundance gradi- 
ent in the Milky Way (and also in other spirals) . However 



as we discuss in Section^ this region may be unrelated 
to the starforming Galactic disk {3 ^ Rg ^ 18kpc) as 
a whole, and its evolution may have proceeded indepen- 
dently. 

The metallicity of the inner disk therefore has not been 
investigated in any great detail, and lacks information on 
a variety of elemental abundances. Spectra of B-type stars 
provide the potential to sample many more chemical ele- 
ments than is possible through emission line studies. As 
discussed above, massive B-type main-sequence stars are 
excellent probes of the current interstellar medium and 
sample particularly well the a-processed elements (O, Mg, 
and Si) as well as C and N (Smartt et al. 1996). This paper 
describes observations of metal-rich massive stars lying 
towards the Galactic Centre together with detailed model 
atmosphere and abundance analyses. This allows the com- 
parison of abundance ratios in this interesting regime with 
those in the rest of the disk, as a key probe of the evolution 
of our Galaxy. 

2. Observational Data 

The main difficulty in optically probing the inner regions 
of the Galactic disk is of course the high extinction encoun- 
tered. This section describes how we identified targets for 
optical photometry and spectroscopy which are in regions 
of low extinction, but which have probably originated in 
the inner disk region. 

2.1. Selection of targets in regions of low extinctions 
towards the Galactic centre 



The catalogue of Reed (1993) provides a database of pub- 
lished UBV/3 photoelectric photometry for objects in the 
Stephenson and Sanduleak catalogue Luminous Stars in 
the Southern Milky Way (1983). This catalogue is a fairly 
complete record of OB-type stars and A- & F-type super- 
giants and giants within 10° of the galactic plane and with 
longitude limits —174° < I < -1-81°, down to a limiting 
photographic magnitude of approximately 12.5. In order 
to identify OB-type stars near the Galactic Centre, which 
also have moderate Galactic latitudes and hence suffer 
from low extinction, stars from the Reed catalogue were 
selected which satisfied all of the criteria listed below:- 

1. Stars within -40° < I < -1-20° ; hence restricting the 
sample to objects towards the Galactic Centre. 

2. Stars which are more than 4° above or below the plane; 
in order to limit the effects of interstellar extinction. 

3. Stars which are fainter than V = 11.0, to sample the 
more distant objects. 

4. Stars with a colour factor between —0.90 < Q < —0.66; 
appropriate for early B-type stars; 

where Q = {U - B) - 0.72(5 - V). 

5. Stars with a B-V of less than 0.5 — which implies a 
reddening oi E{B — V) SS 0.8 (for early B-type intrinsic 
colours) . 
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Table 1. Photometric details of Galactic Centre B-type 
main-sequence stars. Our estimated spectral types are 
quoted 



Star 


SpT 


V 


B-V 


U-B 


1° 


b° 


LS5130 


B2IV 


12.09 


0.24 


-0.53 


21.12 


-5.63 


LS4419 


B2IV 


11.08 


0.08 


-0.65 


351.78 


-5.88 


LS4784 


B2IV 


11.55 


0.09 


-0.60 


1.70 


-6.12 


LS5127 


B3II-III 


11.96 


0.15 


-0.55 


16.13 


-7.34 



The combination of these criteria should produce tar- 
gets which are potentially normal early B-type dwarfs (or 
near main-sequence objects) lying within ~4kpc of the 
Galactic Centre and twelve such stars were found. 



The database of Reed & Beatty (1995) contains pub- 
lished spectral types for a subset of the objects in Reed 
( |1993D . However, the fainter objects of the earlier study 
(which were the most promising distant B-type stellar can- 
didates) did not have an entry in Reed & Beatty (1995). 
As a result we had to rely on colours as a primary selector. 

2.2. Spectroscopic data 

The spectroscopic data presented in this paper were taken 
on two different runs. All twelve candidates were observed 
at the Anglo- Australian Telescope in August 1994 at inter- 
mediate resolution. The RGO spectrograph along with the 
1200B diffraction grating, 82 cm camera and the TEK IK 
CCD were used to give a resolution of approximately 
0.7 A (FWHM). Two grating positions were employed 
with central wavelengths of 4020 A and 4580 A, each giv- 
ing a wavelength coverage of 240 A. The primary motiva- 
tion of these observations was to identify normal stars for 
further, higher resolution observations at a higher signal- 
to-noise ratio, and to provide reliable Hi profiles for the 
stars which did turn out to be normal. Six of the stars ob- 
served appeared to be normal main-sequence early-type 
B-stars. However one of these was a fast rotator with a 
lack of metal line features, while another appeared to be a 
double-lined spectroscopic binary (composed of two early- 
type components) with the metal lines severely blended. 
The nature of the other six peculiar stars is discussed 
in Venn et al. (1998). The four apparently normal stars 



(see Table ||) were further observed with the ESO 3.6m 
telescope using the CASPEC echelle spectrograph during 
July 1995. The central wavelength was 4500 A with a 
wavelength coverage of near 1300 A (3920 - 5240A) at a 
resolution of ^0.1 A. 

During both observing programmes the observational 
routine was similar. Each star was observed long enough 
to accumulate sufficient counts in the continuum to yield 
a minimum signal-to-noise ratio of ^--^70, and in most cases 
more than 100. The observations were split into exposures 



of 1200 - 1500 s to minimize the impact of cosmic-ray con- 
tamination and were bracketed by observations of Cu-Ar 
and/or Cu-Ne wavelength calibration lamps. Flat-field ex- 
posures and bias frames were generally taken at both the 
beginning and the end of the night. 

The single order spectra were reduc ed usi ng the star- 
link package fi garo (Shortridge et al. 1997 ) as discussed 
in Smartt et al. ( 1996| ), where further details can be found. 
The echelle data were reduced using the Image Reduction 
and Analysis Facility (iraf), using standard techniques. 
When in one dimensional format, all the spectra were 
transferred for further analysis to the STARLINK program 
DIPSO (Howarth et al. 1998). Normalization was achieved 
by carefully selecting continuum regions free from absorp- 
tion lines, and fitting low order (of degree 3 or 4) polyno- 
mials through the noise. Equivalent widths for the metal 
lines and non-diffuse lines of neutral helium were measured 
by the non-linear least square fitting of single or multiple 
Gaussian profiles to the normalised spectra. Each line is 
assigned an error estimate refiecting the reliability of the 
equivalent width measurement, viz. a: error less than 10%, 
b: error less than 20%, c: error greater than 20%. These 
were assigned by considering the numerical error returned 
by the DIPSO line fitting computation and the qualita- 
tive accuracy of the profile fit. The hydrogen and diffuse 
helium lines were not measured in this manner, but the 
normalised profiles were extracted directly for comparison 
with Galactic standards and with theoretical profiles. The 
equivalent width measurements for each star can be found 
in Appendix A (available electronically). 

2.3. Photometric Data 

Stromgren uvby photometry of the four B-type LS stars 
was obtained in service mode using the People's photome- 
ter on the SAAO 0.5-m telescope. Details of the instru- 
mental set-up can be found in Kilkenny et al. (1988) - 



and the resultant photoelectric aperture photometry is 
listed in Table pi Additionally, we attempted to obtain 
Stromgren CCD uvby data (as a consistency check) on 
the ESO 1.5-m Danish Telescope in July 1998. For two of 
the stars (viz. LS4419 and LS5127) we did indeed obtain 
good quality observations during photometric conditions. 
However, the data for the other two stars was compro- 
mised by high cirrus. Initial CCD reductions were per- 
formed using the iraf CCDRED package (Massey 1992 ), 
while subsequent digital aperture and point-spread func- 
tion photometry was undertaken using tasks within the 
IRAF package daophot (Davis 1994 ). Furthe r deta ils of 
these methods can be found in Mooney et al. (200C). 

In Table we list the individual photometric indices 
as derived from the SAAO observations. Typical uncer- 
tainies in the SAAO photoelectric photometry are 0.01 
and 0.005 magnitudes in colours and the individual pass- 
bands respectively. The Stromgren reddening free [u — b] 
index should be accurate to ±0.03 magnitudes. The ESO 



Smartt et al. 



CCD dataset comprised four independent observations per 
filter per field containing each of the LS stars. Photomet- 
ric errors were estimated using two methods. First, each 
set of uvby instrumental magnitudes were independently 
transformed to the standard system of y and {h — y), rrii, 
ci indicies. These were used to deduce mean values and 
associated standard errors of the mean. Secondly, values of 
the arithmetic mean and standard error were deduced for 
the independent sets of uvhy instrumental measurements. 
The mean values were transformed to the standard magni- 
tude and colour indicies, while the associated photometric 
uncertainties were deduced by propagating the standard 
error of the mean values through the transformation equa- 
tions. 

For LS4419, both these methods inferred a photomet- 
ric accuracy of 0.006 magnitudes in y and 0.011 magni- 
tudes in the colour {h — y). The reddening free [u — h] 
index should be accurate to ±0.02 magnitudes. Thus, it is 
not surprising that we find excellent agreement between 
the SAAO and ESO photometry for LS4419. Photometric 
uncertainties are somewhat larger for the ESO data ob- 
tained for LS5127, viz. 0.015, 0.035 and 0.15 magnitudes 
in y, colour and [u — h] index respectively. For this star, 
the SAAO data should be the more reliable. However, it 
should be noted that the SAAO and ESO measurements 
agree within the photometric errors - which in turn lead to 
similar estimates of the stellar effective temperature (see 
Sect. 3). 

3. Model atmosphere and abundance analyses 

The methods employed to derive stellar atmospheric pa- 
rameters are similar to those described in Smartt et al. 
(1996) and RoUeston et al. (1997). All results are based on 
the ATLAS9 grid of line-blanketed model atmospheres of 



atically 3000 K less than that estimated from the Si ii/Si III 
balance has been obtained which agrees with the other 
ionization balances, and the metal abundances give nor- 
mal results. The problem with the Sill lines historically 



stretches back more than two decades, when Peters (1976) 



Kurucz ( |1991[ ) . LTE line formation codes were used to de- 
rive line profiles leading to determinations of atmospheric 
parameters and chemical compositions. 

As a first attempt to constrain the effective tempera- 
tures (Toff) of the four LS stars, which were all of spectral 
type B2/B3, we used the ionization balance of the two 
stages of silicon; the Sill lines at 4128 A and 4130 A, 
and the Sim triplet at 4552-4574A. This method has 
been previously employed to analyse the bright standard 
7Pegasi (HR39), and is known to produce anomalous and 
unsatisfactory results (Ryans et al. 1996, Gies & Lam- 
bert 1992, Peters 1976). Absolute abundances (derived 
using this temperature diagnostic) of Nil, On, Mgii, and 
Slll show systematic underabundances of around 0.4 dex 
with respect to normal B-type stellar values. Further, 
and more critically, large discrepancies then exist be- 
tween the abundances derived from other ionization equi- 
libria (Cii/Ciii, Sii/Siii, and Siiii/Siiv) when using this 
Sin/Si III temperature balance. Using Stromgren photom- 
etry as an alternative effective temperature indicator pro- 
duces more satisfactory results; typically, a value system- 



first reported the problem. All stars in the Gies & Lambert 
(1992) study (which have Teff ~ 21000; from Stromgren 
indices) appear to produce spurious Si Ii results and a sim- 
ilar temperature problem has been found by the authors 
in at least two other stars - 22 Ori and l Her. In each case 
the temperature found from the Siii/Siiii lines is system- 
atically higher than that produced from the Stromgren 
indices. Hence, it appears that the Siii/Siiii ionization 
balance is flawed as a temperature diagnostic due to rea- 
sons which are, as yet, not well understood. We find that 
including non-LTE corrections (Brown 1987) in the line 
formation calculations fails to remove the discrepancy. 
Cuhna & Lambert (1994) have also reported the same 
effect when adopting Stromgren temperatures for Orion 
B-types and their subsequent determination of Si abun- 
dances from both ionization stages. 

In the rest of this paper we shall adopt the effective 
temperatures derived from the Stromgren indices listed in 
Table 0. The colour index [u — b] measures the B aimer 
jump as a function of T^s and w e hav e primarily used the 
calibration of Napiwotzki et al. ( 1993| ). We also compared 
the effective t empe ratures derived using the calibration of 
Lester et al. ( 1986 ), which provides the [u — h] vs Tog re- 
lation as a function of surface gravity; consistent results 
were found in each case. Table || lists the effective temper- 
atures that we have adopted. For the two stars for which 
we have both SAAO and ESO data, we list the mean of the 
two temperatures. Excellent agreement was found from 
the two data sets for LS4419, with temperatures of 21900 
and 22300 K derived from ESO and SAAO respectively; 
for LS5127 the temperatures were in poorer agreement, 
18700 and 17100 K, but consistent with a 17900 ±1000 K 
range. 

Logarithmic surface gravities (log 5) were estimated by 
fitting model profiles of the Balmer lines from our atmo- 
spheric analysis codes to observed He, H(5, and H7 de- 
pending on which lines were available in the RGO spectra 
(see Section 2). In all cases the results from each line were 
in good agreement. A conservative estimate of the prob- 
able random errors in our analyses, given the errors in 
the measured data are ±1000 K and ±0.2 dex. A value for 
microturbulent velocity (^) was determined for all the B- 
type stars by requiring that the derived abundances from, 
primarily, O II were independent of line strength. The O II 
ion was chosen as it has the richest absorption line spectra 
in stars of this type. However where a significant number 
of N II lines were available, ^ was independently estimated 
and the mean taken. Atmospheric parameters for all the 
stars are listed in Table p^. 

As a final step in defining the model atmosphere ap- 
propriate to each star, we determined the helium abun- 
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Table 2. Stromgren photometric data for stars observed at the SAAO 0.5m, and the ESO 1.5m Danish. Values for 
7 Peg and l Her were taken from the SIMBAD database and references therein. 



Star 


y 


(6-y) 


mi 


Cl 


[ci] [ 


u-h] (SAAO) [u 


- h\ (ESO) 


LS5130 


12.038 


0.264 


-0.025 


0.182 


0.129 


0.248 






LS4419 


11.089 


0.115 


0.032 


0.105 


0.082 


0.220 




0.204 


LS4784 


11.519 


0.157 


0.035 


0.122 


0.091 


0.261 




- 


LS5127 


11.883 


0.193 


0.023 


0.233 


0.194 


0.364 




0.456 


7 Peg 


2.84 


-0.106 


0.093 


0.116 


0.137 




0.255 




tHer 


3.80 


-0.064 


0.078 


0.294 


0.307 




0.423 





Table 3. Atmospheric parameters of the Galactic Centre main-sequence B-type stars and the bright spectroscopic 
standards used in the differential analysis. Tcs was derived from Stromgren photometry; typical random errors on the 
derived values are ±1000 K and ±0.2 dex for Tcff and logg, respectively, and ±3kms~^ for ^. For LS4419 and LS5127, 
the values for Toff are the mean of the results from the SAAO and ESO data - and the others are derived from the 
SAAO photometry only. 



Star 


TeS 


logp 




^ 


[He] 


vsini 




(K) 


(cgs) 


(k 


tns-i) 


dcx 


(kms-i) 


LS5130 


21200 


3.5 




5 


11.05 ±0.20 


35 


LS4419 


22100 


3.7 




7 


10.92 ±0.10 


80 


LS4784 


20900 


3.9 




5 


10.92 ±0.15 


93 


LS5127 


17900 


3.2 




7 


10.87 ±0.13 


120 


7 Peg 


21000 


3.8 




5 


10.87 ±0.09 


5 


tHer 


17700 


3.9 




5 


10.78 ±0.08 


10 



dance within this iterative procedure. Helium abundances 
were calculated from the line strengths of the available 
non-diffuse hnes (3964, 4437, 4713, 5015 & 5047 A) and 
the profile fitting of the diffuse hnes (4009, 4026, 4387, 
& 4471 A). In each star we found a normal helium com- 
position of approximately 10.9 dex (corresponding to y ~ 
0.1 by fraction). Hence, we did not need to repeat the 
Teff — log g — ^ iterations for models with significantly ab- 
normal helium fractions. 

Final model atmospheres with parameters which sat- 
isfied the above criteria were then calculated in order to 
allow the metal abundances from each unblended ionic fea- 
ture to be determined in each star. The elemental abun- 
dance associated with a particular line was derived by 
comparing the observed line strengths and profiles to those 
predicted from the LTE line formation calculations. A 
line-by-line differential analysis was performed for each 
star relative to nearby (i.e. within the solar neighbour- 
hood) spectroscopic standard stars of very similar atmo- 
spheric parameters. The atomic data used in the line for- 



mation theory were from Jeffery (1991), but this choice 
is not critical for our purposes of a differential abundance 
analysis. Tables 0-0 list the absolute and differential abun- 
dances derived for each star. The mean absolute abun- 
dances are on a logarithmic scale with hydrogen = 12.0 
dex (i.e. [X]= 12±log A^x/A^h), and the errors quoted are 
the standard deviations about this mean value. 



3.1. LS5130 

The value of microturbulence adopted for LS5130 and 
7 Peg plays an important role in the derived abundances 
of oxygen, magnesium and silicon in particular. As the 
abundance variations of these elements are of particular 
interest, a short discussion is warranted. From the On 
and Nil lines of 7 Peg, the microturbulence is likely to 
lie in the range of 5 ± 2 kms~^. This is consistent with 
other studies (e.g. Peters 1976, Gies k. Lambert 1992) who 
quote a value at the lower end of this scale (3kms"^) and 
Ryans et al. (1996) who estimate a value of 6 ± 5 kms^^. 
It is likely that the latter error bars are too conservative, 
and from our investigation we believe the result appro- 
priate to our methods to be in the range 3-7kms~^. For 
LS5130 we similarly derive a value of 5 ± 3km s~^ , which 
leads to a relatively normal O abundance in this star, but 
significantly higher Mg and Si abundances. The latter dif- 
ferential abundances would move closer to the value of O 
(as would generally be expected from a chemical evolution 
point of view ; see discussion in Section 5.2), if the value 
of ^ was increased in LS5130 and decreased in 7 Peg by 
about 3kms^^ in each case. However while such changes 
are compatible with our random error range quoted, it 
would be an artificially biased analysis. Indeed our best 
estimates of S, for LS5130 tend to suggest that a value of 
no more than 5kms~^ is required to flatten the equivalent 
width - abundance relation for the 11 and N 11 species. 
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Table 4. Absolute elemental abundances for the star LS5130, together with a line-by-line differential analysis with the 
"standard" star 7 Peg which is a chemically normal star lying within the solar neighbourhood. The abundances quoted 
are the mean values from results from n lines in each star (where n is the number in brackets after the abundance), 
and the uncertainties are the sample standard deviations. Also listed are absolute abundances normally associated 
with bright B-type stars within approximately 500 pc of the Sun^ ; and values from ISM or H 11 region studies in the 
solar neighbourhood^. For reference, the actual solar photospheric abundances are listed, and we note (as others have 
indicated e.g. Snow & Witt 1993) that the Sun appears significantly metal-rich compared to the surrounding ISM and 
neighbouring Population I objects (i.e. young, massive stars) in many elements. 



Species LS5130 



7 Peg 



Differential 



Nearby 


Other solar 


Sola 


B-stars^ 


neighbourhood 




8.20 


8.13" 


8.55 


7.81 


7.94"* 


7.97 


8.68 


8.70'= 


8.87 


7.38" 


- 


7.58 


6.45 


- 


6.47 


7.28" 


- 


7.55 


7.28° 


- 


7.55 


7.21 


7.12'* 


7.21 


7.21 


7.12'* 


7.21 


— 


- 


6.58 


7.36" 


- 


7.51 



Cii 

Nil 

On 

Mgii 

Aim 

Sin 

Sim 

Sii 

Sm 

Am 

Feiii 



8.47 ± 
7.96 ± 
8.69 ± 
7.64 
6.30 ± 
6.85 ± 
7.66 ± 
7.39 ± 
7.29 
7.03 ± 
6.53 ± 



0.31 (11) 
0.22 (25) 
0.19 (43) 

(1) 
0.09 (4) 
0.14 (4) 
0.19 (5) 
0.21 (2) 

(1) 
0.61 (3) 
0.96 (3) 



8.22 ± 
7.79 ± 
8.72 ± 
7.22 
6.14 ± 
6.50 ± 
7.29 ± 
6.96 ± 
7.06 ± 
6.75 ± 
6.39 ± 



0.31 (9) 
0.24 (19) 
0.32 (81) 

(1) 
0.05 (3) 
0.10 (4) 
0.20 (5) 
0.24 (15) 
0.41 (9) 
0.46 (3) 
0.82 (3) 



+0.23 
+0.15 
-0.06 
+0.42 
+0.13 
+0.34 
+0.36 
+0.38 
+0.23 
+0.28 
+0.13 



0.15 (9) 
0.13 (19) 
0.16 (35) 

(1) 
0.10 (3) 
0.04 (4) 
0.24 (5) 
0.02 (2) 

(1) 
0.15 (3) 
0.18 (3) 



1. All typica 



a: Kilian (1994) 



B-tvpc stellar values are taken from Gics & Lambert (1992), apart from 



2. Solar neighbourhood values taken from : 



c: Local ISM abundances from Meyer et al. (1995), Cardclli ct al. (|l99e|) 
d: Orion nebular abundances from Baldwin ct al. (1991) 



3. Solar values taken from Grevesse & Noels (1993) and Anders & Grevesse (1198' 



Table 5. Absolute elemental abundances for the stars LS4419 and LS4784, together with a line-by-line differential 
analysis with the "standard" star 7 Peg which is chemically "normal" with very similar atmospheric parameters. The 
absolute abundances for 7 Peg are shown in the previous table. 



Species 


LS4419 (absolute) 


LS4419 (differential) 


LS4784 (absolute) 


LS4784 (differential) 


Cii 


8.18 ± 0.27 (5) 


+0.07 ± 0.19 (5) 


8.42 ± 0.56 (4) 


+0.27 ± 0.16 (4) 


Nil 


8.27 ± 0.52 (16) 


+0.43 ± 0.25 (13) 


8.43 ± 0.37 (15) 


+0.62 ± 0.29 (12) 


On 


8.76 ± 0.27 (28) 


-0.06 ± 0.20 (23) 


9.06 ± 0.44 (26) 


+0.17 ± 0.35 (19) 


Mgii 


7.50 (1) 


+0.28 (1) 


7.70 (1) 


+0.48 (1) 


Aim 


6.35 ± 0.04 (2) 


+0.18 (1) 


6.65 ± 0.03 (2) 


+0.47 (1) 


Sin 


6.90 (1) 


+0.23 (1) 


6.94 ± 0.12 (4) 


+0.44 ± 0.07 (4) 


Sim 


7.58 ± 0.12 (5) 


+0.28 ± 0.26 (5) 


8.00 ± 0.11 (3) 


+0.58 ± 0.18 (3) 


Sii 


7.17 (1) 


+0.12 (1) 


7.51 (1) 


+0.33 (1) 


Am 


6.59 (1) 


+0.09 (1) 


- 


- 


Feiii 


6.45 (1) 


-0.18 (1) 


- 


- 



One should note that the large number of O ii features (a 
total of 43), which renders this element abundance esti- 
mate particularly reliable. The analysis here implies that 
its abundance is very similar to that of 7 Peg, i.e. no sig- 
nificant enhancement of this element is observed, and this 
is a very robust result. The other elements which we be- 
lieve give reliable results are C, N, Mg, Si and S - and we 
note that all of these elements show enhanced patterns, 
particularly Si and Mg. Although the Mg abundance is 
based on only one line (the doublet at 448lA), it is a 



strong, well measured feature which is reliably modelled 
in B-type stars at this effective temperature. This pattern 
of a relatively normal oxygen abundance together with en- 
hanced C, N, Mg, Si and S is also reflected in the other 
B-type stars. The values for Aim, Am, and Feiii are 
based on relatively weak detections of features and should 
be treated with some caution - this is generally true for 
each of the four stars, and LS5130 has the highest "qual- 
ity" spectrum available, i.e. it has a high signal-noise-ratio 
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and the star itself has a relatively low projected rotational 

velocity. ^ ^^ 



3.2. LS4419 

The higher projected rotational velocity of this star results 
in fewer metal line features being identified. However again 
the oxygen abundance is well constrained, with 28 features 
contributing to the final result. Hence, we conclude that 
LS4419 also shows no evidence for enhanced oxygen (with 
respect to the solar neighbourhood), and there is certainly 
no evidence for the large enhancements one might expect 
to see in inner Galactic regions. It should be noted (and 
this is true for LS4784 and LS5130 also) that although 
the absolute Mg abundance derived is close to the 'solar' 
range of 7.50 ±0.2 dex, the value derived for 7 Peg by our 
methods (and indeed any other star of approximately the 
same spectral type in the solar neighbourhood) is 7.2 dex. 
We believe that a value of 7.5 is +0.3 dex above the solar 
neighbourhood value, and that the absolute abundance 
discrepancy is possibly due to atomic data uncertainties 
or non-LTE effects. Again we believe that the C, N, O, 
Mg, Si, and S differential abundances are reliable for this 
star, but the others should be treated with caution due to 
the paucity and weakness of the individual features. 

3.3. LS4784 

The quality of this spectrum is similar to that of LS4419, 
and the previous comments about the reliability of the 
abundances (particularly with reference to O and Mg) 
are equally applicable here. One should also note that 
although the absolute abundances derived from the Sill 
lines are of dubious worth (as discussed above with re- 
spect to Teff determinations), in both the standard stars 
and the LS stars, it is encouraging to see that the differen- 
tial abundances derived from Sill and Sim are consistent. 
This suggests that the same effect occurs in each spec- 
tra, and that the lines can be quantitatively compared 
from star to star. Again in this star we see a relatively 
normal oxygen abundance, but enhanced magnesium and 
silicon. Nitrogen and sulphur are also enhanced, with car- 
bon showing a mildly enriched abundance. 
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Fig. 1. The Mgii doublet at 448lA in LS5127 with 
synthesised fits. The observed line profile is the solid 
histogram, together with theoretical fits for magnesium 
abundances of 7.2, 7.5, 7.8 and 8.1 dex (each with a 
microturbulence of i^=7 kms^^), convolved with a rota- 
tional broadening function wsini ~ 120kms~^. A value of 
7.8 dex is required to fit the line properly. Note that there 
is a Al III line in the blueward wing, and we have also as- 
sumed a high Al abundance (6.8 dex)when synthesizing 
this region. 

4481A feature, and a line profile together with a spectral 
synthesis of the region is shown in Fig. 1. The microtur- 
bulence derivation in LS5127 is probably more uncertain 
than in the previous three stars, due to the fewer 11 
lines visible at this effective temperature. However, it is 
unlikely that the particularly large Mgii abundance can 
be explained by an underestimate of ^. In Fig. 1 we have 
used ^ — 7kms"^, but adopting a value of lOkms"^, and a 
high abundance for Al ill (i.e. >7.00 in order to ensure that 
the strength of this feature is not due to severe blending 
with the Al in line at 4479A) still results in the differential 
value being > 0.5 dex. Again we find that both ionization 
stages of Si give consistently high abundances, consistent 
with the Mg enhancement. 



3.4. LS5127 

This star is cooler than the three previously discussed, 
and hence we used a different solar neighbourhood star 
for the differential abundance comparison. The star tHer 
has atmospheric parameters more compatible with that 
of LS5127 than 7 Peg (we did in fact carry out the same 
differential analysis using 7 Peg, and the results were not 
significantly different to those in Table 0). The oxygen 
abundance appears to be slightly above normal, but is 
not as high as the abundances of both Mg and Si. We 
find a particularly large magnesium abundance from the 



4. Distances, Galactic positions and evolutionary 
status 

We have calculated distances to the stars as follows. 
Masses were derived by placing the stars in the effective 
temperature - surface gravity diagram using the evolu- 
tionary tracks of Schaller et al. (1992). This allowed a 
calculation of the luminosity appropriate to the stars cur- 
rent evolutionary status, rather than assuming that the 
object is on the zero-age main sequence (ZAMS). The ab- 
solute visual magnitude was then determined employing 
the bolometric corrections of Kurucz ( 1979| ). Extinctions 
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Table 6. Absolute elemental abundances for the star LS5127, together with a line-by-line differential analysis with 
the "standard" star l Her (HR6588) which is chemically "normal" with very similar atmospheric parameters. 



Ion 


LS5127 


tHer 


Differential 


Cll 


8.82 ± 0.34 (2) 


8.26 ± 0.27 (11) 


+0.55 (1) 


Nil 


8.29 ± 0.10 (7) 


7.87 ± 0.18 (23) 


+0.51 ± 0.23 (6) 


On 


9.05 ± 0.19 (7) 


8.79 ± 0.20 (54) 


+0.21 ± 0.25 (6) 


Mgii 


7.76 (1) 


7.23 ± 0.26 (6) 


+0.69 (1) 


Aim 


6.68 (1) 


6.23 ± 0.05 (6) 


+0.36 (1) 


Sill 


7.45 ± 0.26 (3) 


6.84 ± 0.50 (4) 


+0.81 ± 0.33 (3) 


Sim 


8.18 ± 0.12 (4) 


7.51 ± 0.20 (7) 


+0.64 ± 0.08 (3) 


Sii 


7.44 ± 0.16 (5) 


6.99 ± 0.23 (41) 


+0.39 ± 0.49 (5) 


Siii 


7.97 ± 0.34 (2) 


7.14 ± 0.30 (5) 


+0.76 ± 0.02 (2) 


Feiii 


(0) 


6.97 ± 0.67 (8) 


(0) 



Table 7. The errors listed in this table illustrate how the absolute abundances in the B-type stars would vary within 
the error bars of the atmospheric parameters. A systematic error in both the target LS-star and the standard used in 
the differential abundance analysis would result in little change in the differential results. The results below are for 
typical random analysis errors of log 5 ±0.2, Toff ± 1000 K and ^±3kms~^. The values were calculated around a model 
atmosphere with log g = 3.6, Tcff = 21000, C = 5. 



Species 


log 5 + 0.2 


logs -0.2 


r,//+iooo 


Te/Z-lOOO 


C+3km/s 


5— 3krn/s 


Cii 


0.01 


0.00 


0.02 


0.03 


-0.08 


0.11 


Nil 


0.07 


-0.05 


-0.06 


0.12 


-0.08 


0.11 


On 


0.12 


-0.11 


-0.18 


0.23 


-0.11 


0.15 


Mgii 


-0.05 


0.05 


0.13 


-0.11 


-0.22 


0.32 


Aim 


0.05 


-0.03 


-0.02 


0.08 


-0.08 


0.15 


Sill 


-0.06 


0.08 


0.20 


-0.15 


-0.05 


0.11 


Sim 


0.09 


-0.09 


-0.14 


0.18 


-0.21 


0.24 


Sii 


-0.04 


0.05 


0.16 


-0.14 


-0.09 


0.21 


Siii 


0.13 


-0.12 


-0.14 


0.18 


-0.07 


0.13 


Am 


0.01 


0.02 


0.12 


-0.06 


-0.06 


0.14 


Feiii 


0.09 


-0.08 


-0.04 


0.08 


-0.08 


0.24 



were estimated from the measured B 
Reed 



V values taken from 

1993 ), and the intrinsic colours of Deutschman et 



al. ( 1976| ) for stars with these atmospheric parameters. 



The distance was finally calculated assuming a st andar d 
Galactic extinction law, i.e. with i? = 3.1 (Seaton 1979| ). 
We note that although our stars have relatively low v sin i 
values, their rotational velocities could be higher depend- 
ing on the inclination viewing angle. Recent studies of 
the evolution of rotating stars (e.g. Heger & Langer 200C , 
Maeder & Meynet 200C ) indicate that their main-sequence 
properties maybe altered by rotation, however the differ- 
ences predicted in the luminosities are smaller than the 
uncertainities in the rest of the distance calculation and 
do not significantly increase the aerror bar we calculate 
on the stellar distances. 

The four B-type targets lie at significant distances be- 
low the plane of the Galaxy (see Table 0), and it is un- 
likely that they have formed at their current positions. 
The probable explanation is that they were born in the 
Galactic disk, and were then subsequently ejected. This 
class of early-type stars lying at, in some cases, significant 



distances from their formation sites (i.e. runaway stars) 
has been studied extensively, and their existence is well 
accepted (see Rolle ston et al. 1999 ). In a previous paper 
(Smartt et al. 1997 ) we have discussed the analysis of four 
blue supergiants lying at similar Galactic latitudes, and a 
full discussion of the possible origins and ejection mecha- 
nisms from the disk of these types of objects is presented. 
Leonard (1993) has presented plausible mechanisms for 
early-type stars suffering large ejection velocities within 
massive binary evolution scenarios, or dynamical ejection 
from clusters. These can result in initial velocity injections 
of up to ~ 350 kms~^, easily allowing our objects to reach 
their current estimated distance from the Galactic plane 
(z). 

In order to constrain the regions of the disk where these 
stars were formed, we follow the arguments of Smartt et 
al. (1997). For each of the stellar spectra we have deter- 
mined a radial velocity, and we compare this velocity to 
that expected if the stars were co-rotating with the disk 
at their current projected positions (assuming a flat ro- 
tation curve and Rq = 8.5 kpc, = 220 km s~^ from 
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Table 8. Distances, masses, lifetimes, radial velocities and regions of origin for the programme stars. Masses and 
evolutionary lifetimes were determined from the stellar evolutionary tracks of Schaller et al. (1992). 



Star 



M 
(Mo) 



J- ev 

(Myrs) 



do 
(kpc) 



(kpc) 



PRV 

(kms^^) 



(kms" 



Rg 

') (kpc) 



LS5130 


10±2 


24±5 


6.9±1.0 


0.7 


-7 


64 


3.1±1.0 


LS4419 


11±2 


20±5 


5.2±1.0 


0.5 


-28 


45 


2.9±1.0 


LS4784 


8±2 


27±5 


3.8±1.0 


0.4 


-30 


36 


4.7±1.0 


LS5127 


10±2 


25±5 


9.1±1.0 


1.2 


-3 


98 


2.5±1.0 



Kerr & Lynden-Bell 1986). We calculate a peculiar ra- 
dial velocity (PRV) which is the difference between these 
two, as a representative measure of the dynamics of the 
stars with respect to the Galaxy rotation. This PRV is 
only one component of the total peculiar space veloc- 
ity, with the other two components unknown (directed 
along axes mutually perpendicular to the PRV). We as- 
sume that the second component of velocity is perpendic- 
ular to the Galactic plane (which, given the small Galac- 
tic latitudes of these stars is a reasonable assumption). 
House & Kilkenny (1980) have given an expression for 
the force field normal to the Galactic plane {K^,), but 
this is probably only valid for Rg ^ 10 kpc. Given that 
these stars have origins closer to the Galactic Centre, we 
have assumed a simple relation which is an approxima- 
tion to the shape of the House & Kilkenny form of K^, 
but which is always greater in magnitude (with a peak 
of twice the House & Kilkenny maximum). We assume 
that within < z < 700 pc the force field K^ is approx- 
imated by —kz (with k = 2.29 x 10""'^^ cms~^pc~"'^) and 
for z > 700 pc then K^ = —k. Analytical expressions for 
the initial velocity (Vi) and time required for the stars 
to reach their present z distance, could then be deduced. 
The initial ejection velocity perpendicular to the Galactic 
plane needs to be no more than 100 km s~^ (see Table ||) 
for these stars to reach their present positions, and sig- 
nificantly less for three of the objects. Velocities of this 
order are well within those plausible for common ejec- 
tion methods (Leonard 1993). The PRV of each star is 
also relatively low, indicating that the initial space veloci- 
ties of these stars were probably directed mostly in the z- 
direction. However without proper motion information we 
cannot definitively constrain their space velocity. If we as- 
sume that the mean ejection velocity in the sample (Vi ~ 
60km s~^ ) is indicative of the maximum value of any one 
velocity component, then we can calculate a circular lo- 
cus within which the star probably formed. In 20 Myrs, a 
star could have moved 1.7 kpc within (or parallel to) the 
Galactic disk, and this is a reasonable error on the birth 
sites of the stars. 

Figure illustrates the estimated stellar birth sites and 
also schematically draws attention to features of Galactic 
structure in this region. Bertelli et al. ( 19951 ) have dis- 
cussed the possibility that a 'stellar ring' exists, which sur- 
rounds the Galactic Centre at a distance of 3.5 kpc, with 



a 0.5 kpc half- width. The nature of this ring is still some- 
what uncertain, but Bertelli et al. claim that assuming it 
to be a region of increased stellar disk density would pro- 
duce synthetic colour-magnitude diagrams closely match- 
ing those they have observed in fields towards the Galac- 
tic Centre. They suggest that it is associated with active 
star formation, and that the cross-section through this 
ring is at a maximum when viewed at \l\ = 23.5°. They 
further suggest that this is consistent wit h an o bserved 
peak in OH maser sources (Blommaert et al. 1994) around 
I = 25°, a signature of relatively recent star formation. 
Whether this is a complete ring surrounding the inner 
Galaxy, or part of an inner spiral arm, is still debatable 
(Ortiz & Lepinc 1993). Clemens et al. (198q) have mapped 
the distribution of molecular gas in the first quadrant of 
the Galaxy, and found an H2 ring at approximately 4 kpc 
from the Centre. This would appear to correlate with the 
stellar ring found by Bertelli et al., but the latter suggest 
that the stellar and molecular ring are not necessarily co- 
incident. Rather that the molecular ring maybe the result 
of a "bow-shock of propagating star formation" . 

Although some Galaxy models (Bahcall & Soneira 
1980; Bahcall 1986) adopt a relation for the number den- 
sity of disk stars which falls off exponentially with in- 
creasing distance from the Galactic Centre, it appears 
that at Rg <2.5kpc from the Galactic Centre there is 
a sharp decrease in th e stel lar disk density (Bertelli et al 
1995, Paczynski et al. 1994). This has been interpreted as 
the transition between the disk and the bulge. Figure |j 
suggests that the four B-type stars have their origins in 
this stellar ring, or where the molecular ring dynamics 
are causing current star formation. Indeed if there is a 
disk/bulge transition, early-type stars may be relatively 
rare within this inner region, although current and spec- 
tacular star formation is certainly on-going in the inner 
few hundred parsecs (Serabyn et al. 1998; Najarro et al. 
1997). The above indicates that our B-type stars probably 
formed around Rg ~3.5kpc in the Galactic disk and were 
subsequently ejected. 

Carr et al. ( 2000] ) have presented IR spectra of a red 
M-type supergiant (IRS7) lying in the central cluster, and 
compared the metal line spectra with that of a similar 
star in the solar neighbourhood. A differential abundance 
analysis of the star indicates that it has an Fe abundance 
very close to solar, and certainly does not appear metal 
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Fig. 2. (a): A schematic view of the Galaxy with the 
Galactic Centre at (0, 0). The inner dotted circle rep- 
resents the possible bulge-disk transition with which a 
rapid decline in the disk stellar density is associated; the 
outer dashed circle represents the stellar ring proposed 
by Bertelli et al (1995) of radius 3.5 kpc (they estimate a 
Gaussian half-width of armg = 0.5 kpc). The shaded arc 
is a schematic representation of the Sagittarius spiral arm 
at Rg = 5.5 kpc. Also shown are possible birth sites in 
the disk, together with our error estimates, (b): A section 
through the Galaxy with the current positions of the stars 
marked, again the Galactic Centre is at (0, 0). The disk 
scale height for early-type stars is shown ( 90 pc) , together 
with the spheroidal latitude extent assuming a/b — 0.8 
(BahcaU 1986). 



enhanced in any significant way (although it does appear 
to show CNO-abundances typical of severe dredge-up after 
core H-burning) . At first this may seem a surprising result 
given that one might expect a linear Galactic abundance 
gradient in the thin disk to keep rising towards the Centre, 
and that the central regions would thus show super-metal 
rich abundances. However there is lack of molecular gas, 
young stars and H ii regions within the inner 3.5 kpc, until 
one gets to the central cluster. Hence, whatever the evolu- 
tionary history of the massive stellar clusters at the Cen- 
tre, it seems to have occurred independently of the Milky 
Way disk (i?g ^ 3.5 kpc). There is no reason therefore too 
assume that the disk and central cluster are chemically 
linked, and one should consider them as separate entities 
in evolutionary scenarios. 

5. Discussion 

5.1. The oxygen abundance gradient towards the Galactic 
Centre 



As discussed in Sections 3.1-3.4, all four stars have rel 



atively normal oxygen abundances. If the oxygen abun- 
dance gradients derived in the solar neighbourhood and 
outer disk are extrapolated inwards (Smartt & RoUeston 
1997, RSDR; -0.07 dexkpc'^) their O abundances would 
be 0.3— 0.4dex above the solar neighbourhood value. 
LS5130 and LS4419 show no evidence at all of oxygen- 
rich photospheres, and both sample the Oil line spectra 
extremely well, with 43 and 28 features measured respec- 
tively. If the statistical errors are normally distributed 
around the mean, then the random error in our mean 
differential abundance {a/^/n; where a is the standard 
deviation quoted in TablesH and ^) may be as small as 
±0.04 for both these stars. Furthermore, a systematic er- 
ror in the atmospheric parameters significantly greater 
than that quoted in Tablejl would be required to make 
these stars 0-rich which would have major consequences 
for the other elements and for the continuum fitting of the 
uvby indices. The large number of O II lines well observed 
in these stars and the possible error sources in Table|^ 
make this a robust result. The other two stars LS4784 and 
LS5127 show marginal evidence for oxygen abundances 
higher than their comparison stars, with standard errors of 
the mean ±0.1 dex. However again these results appear to 
be incompatible with an O abundance that is 0.3— 0.4 dex 
above solar. A number of previous authors have specu- 
lated that the oxygen abundance gradient (in particular) 
may steepen towards the Centre (Vilchez & Esteban 1996| , 
Shaver et al. 1983). However, we can find no evidence that 
this is the case. FigureH shows the oxygen abundances of 
our stars together with those of the large Galactic B-star 
sample of RSDR. The low metallicity stars in the outer 
Galaxy {Rg > 11 kpc) are clearly evident, but between 
6— 9 kpc there is little evidence of O abundance variations. 
The four new stellar points toward the Centre accentuate 
this relation, and it would appear that the O abundance 
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gradient in the Galaxy flattens off at around 9kpc and 
does not significantly increase at smaller Galactocentric 
distances. 



Afflerbach et al. (1997) have carried out an extensive 
study of the N, S and O abundances in H ii regions with 
Rg < 12kpc. In Fig.^, their O abundances are plotted 
together with those for our stars and the stellar sample of 
RSDR with Rg < 12 kpc. The results from the H ii regions 
and the RSDR data-set in the outer Galaxy are in excel- 
lent agreement (see RSDR and Smartt 2000 for further 
details). However differences appear at smaller Galacto- 
centric distances. In particular while the H ii region data is 
consistent with a linear gradient — 0.06dexkpc~^, no sig- 
nificant variations are apparant for the B-stars. One pos- 
sible explanation is that the zero-points for the two stud- 
ies is somewhat different. For example, if the Afflerbach 
et al. data were shifted upwards by ~0.2dex (the differ- 
ence in the mean results within 7.5 < Rg < 9.5kpc), then 
good agreement would be found within the solar neigh- 
bourhood, but the B-stars towards the Centre would not 
reflect the H ii region results. The cause of this discrep- 
ancy is unclear and appears to be limited to oxygen (see 
Sect. 5.2 and |5.3|). We note that Afflerbach et al. is the 



only H II region study of the inner Galaxy to quote oxygen 
abundances. Rudolph ct al. (1997) were unable to inde- 
pendently determine S and O, while Shaver et al. (1983) 
point out that their two inner Galaxy objects {Rg ~ 4 kpc) 
are somewhat peculiar, and that their radio and optical 
sources may not be the same. Afflerbach et al. have re- 
calculated N abundances from the data of Simpson et al. 
( |1995D and find differences of a factor of ~2 in some of the 
highest metallicity regions. Additionally, on average there 
seems to be a 50% discrepancy in the sulphur abundances. 
Therefore it appears that the nebular abundances in the 
inner Galaxy require further study to constrain their ab- 
solute values, while a mo re ex tensive sample of B-stars 
is required. Smartt et al. ( 2000 ) have discussed the prob- 
lem of determining reliable absolute nebular abundances 
in regions of solar abundance and above in M31, and find 
significant discrepancies across different analysis methods. 
In terms of effective radius (where rg = 5.98 kpc, from 
de Vaucouleurs & Pence 1978D , the break in the observed 
O abundance gradient occurs at Rg/r^ — 1.8. The spi- 
ral ga laxy NGC2403 has been studied by Garnett et al. 
( |1997D who estimated H ii region abundances at 12 points 
across the disk. In Fig^ the oxygen abundance is plotted 
as a function of effective radius for both these galaxies. 
A similar gradient change may be present in NGC2403, 
although the sampling is relatively sparse. This would im- 
ply that a two component model for the radial variation 
of oxygen is not exclusive to our own Galaxy and suggests 
indirect evidence that it is a real effect. Certainly the data 
suggests that for both galaxies, at Rg/r^ < 1.8, there is 
little evidence for increasing oxygen abunda nces. However, 
the well studi ed galaxy M33 (Ga rnett et al. 1997 Henry & 
Howard 1995| , Monteverde et al. ^000|) which is similar in 
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Fig. 3. Galactic abundance gradients and the stellar sam- 
ple (open circles) of RSDR. Also shown are the four cur- 
rent targets (asterisks) at Rg < 5 kpc, the error bars being 
the standard deviations in the mean line abundances or 
conservative ±0.2 dex for Mg. In (a) the abundance gra- 
dient plotted is a least squares fit to the data in RSDR 
only and has a value of — 0.07 dex kpc~^; the four stars to- 
wards the Galactic Centre clearly lie below this gradient 
if it were extrapolated towards the centre. In (b) and (c) 
the linear least squares gradients are fits to all the points 
in the plot. The Si and Mg abundances in the Galac- 
tic Centreare compatible with a steadily increasing abun- 
dance gradient towards the centre, and a re-evaluation of 
the least-squares fit through all points leads to values of 
-0.06 ±0.01 dex kpc-i for Si and -0.09 ± 0.02 dex kpc^^ 
for Mg. The solid square is the Orion abundance from 
Cuhna & Lambert (1994), the asterisk is the Local ISM 
from Meyer et al. (1998), and the so lar sy mbol is the solar 
abundance from Grevesse & Noels (1993). 
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Fig. 4. (a): Filled stellar symbols are oxygen abundances 
of the Galactic Centre objects, together with stars from 
RSDR with i?g < llkpc. The error bars for the Galactic 
Centre stars are standard errors of the mean. The dotted 
line is a least-squares straight-line fit to all the B-stars. It 
has a gradient of —0.01 ± 0.01 dexkpc"^. The open sym- 
bols are results from Hii regions from Afflerbach et al. 
(1997). Solar and orion points as in Fig3. (b): Symbols 
are as in (a), but for nitrogen abundances. The gradient 
derived is — 0.06±0.02dexkpc~^, on good agreement with 
the outer gradient as derived in RSDR. Reasonable agree- 
ment between the stellar and H ii region points is found. 
(b): The logN/0 ratio, from the stars in the above two 
panels. The straight-line fit is — 0.06±0.02 dexkpc^^, in- 
dicating a fairly significant trend in N/0 with Galacto- 
centric distance. 



size, mass and metallicity to NGC2403 does not appear to 
show such a break. Additionally, MlOl and NGC4303 are 
other examples of extensively studied galaxies (Kennicutt 
& Garnett 119961, Martin & Roy 119921), with 30-80 Hii re- 



gion data points sampled in each. Neither show evidence 
for anything other than a linear relation across the whole 
disk. 
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Fig. 5. Oxygen abundances in the Milky Way from our 
stellar sample (open circles) and the H ii region oxygen 
abundances in NGC2403 from Garnett et al. (1997, solid 
circles). Both are shown as a function of effective radius. 
Within Rg/vc <, 1.8 there is little evidence for increasing 
oxygen abundances in either galaxy, but there are many 
other well studied spirals which do not show such an effect. 



5.2. Magnesium, Aluminium, Silicon and Sulphur 
abundances towards the Galactic Centre 

The magnesium and silicon abundances for the Galac- 
tic Centre stars and the corresponding RSDR dataset are 
plotted in FigH. For oxygen and silicon we note that the 
absolute abundances derived in our two solar neighbour- 
hood standard stars are similar to the mean of the RSDR 
data set within 1 kpc of the Sun. Hence the absolute results 
of the Galactic Centre stars are on a consistent scale to the 
rest of the data. However with Mg, the abundance derived 
in 7 Peg and l Her is 7.2 dex, whereas in RSDR the mean 
local value is 7.85 dex (again estimated from the mean 
of stellar values within 1 kpc of the Sun). The stars anal- 
ysed in this paper have effective temperatures in the range 
17700 - 22100 K ,while the RSDR sample have a mean 
temperature of 25275 K and it is possible that the mod- 
elling of this line is temperature dependent. It is impor- 
tant to use homogeneous datasets when looking for abun- 
dance trends and that is indeed what was done in RSDR. 
They showed that although the zero-point of any partic- 
ular abundance may be in the error, any gradient biasing 
is removed by using suitable sub-samples of stars. Hence 
to put the four Galactic Centre stars onto the same scale 
as RSDR, we have added 7.85 dex to their differential Mg 
abundances. This assumes that 7 Peg, l Her and the stars 
within 1 kpc of the Sun in RSDR have similar abundances 
and that any offset is due to temperature dependent mod- 
elling inaccuracies. It appears that the Galactic Centre 
stars are ric her in Mg than their local counterparts (see 
also Sect 3^). From Tablej^ an underestimate of the micro- 
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turbulence {£,) in each star could reduce this Mg overabun- 
dance as it is based on a relatively strong line. However 
an increase in ^ by 5 km s~^ or more in each star would be 
required. While observational uncertainties might cause a 
particular determination of ^ to have such an error, there 
is no evidence that we have systematically underestimated 
the microturbulence in each star. The Mg abundance gra- 
dient in Fig. hence appears to steadily increase towards 
the Centre. A value of — 0.09 ±0.02 dexkpc~^is derived by 
fitting all points, which is slightly larger the RSDR result, 
although they agree within the uncertainties. 

The silicon abundances of the Galactic centre stars are 
also plotted in FigJ3, and again appear compatible with a 
steadily increasing abundance gradient towards the cen- 
tre. A fit through all the Si points gives a gradient of 
— 0.06±0.01dexkpc~^, again in good agreement with the 
RSDR value for the outer Galaxy only. The differential 
abundances derived for each star are between 0.3— 0.6dcx 
higher than their respective standards, strongly support- 
ing the idea that these stars are richer in Si than solar 
neighbourhood material. In Fig. pi the Al abundances of 
the galactic Centre stars are plotted again with the data 
from RSDR. Aluminium appears to increase steadily to- 
ward the Centre, and a gradient of — 0.05±0.01 dexkpc^^ 
is derived from the whole data set, similar to that pro- 
duced by RSDR for the anti-centre direction. 

Sulphur abundances for our stars are also available, 
although we have no similar data at greater radii from 
RSDR. In Fig0 our stellar abundances are compared with 
with those from Afflerbach et al. (1997). Reasonable agree- 
ment is found with these stars appearing to be S-rich and 
having abundances similar to those found in nebular stud- 
ies towards the Centre (although the caveat regarding the 
nebular absolute values discussed in the previous section 
may be important). 

The correlation of of O, Mg, and Si abundances found 
in the outer Galaxy (see RSDR) and in the low metallicity 
Magellanic Clouds (RoUeston et al. 1996) is theoretically 
expected as these elements are all produced and returned 
to the ISM through supernovae Type II. One would expect 
that this trend should continue towards the inner Galaxy, 
and it is surprising that our O abundances show no sign 
of increase, while Mg and Si appear significantly higher 
than their comparison stars. The S abundances in these 
stars are also higher than normal, although the dataset is 
somewhat less robust given the weakness of the absorption 
features of this element. 



Prantzos et al. (1994) have investigated the effect of 
metallicity dependent yields (taken from the model calcu- 
lations of Maeder 1992) on the galactic chemical evolution 



of C and O and concluded that oxygen yields from massive 
stars tend to decrease towards higher metallicities. This is 
due to mass loss in low metallicity stars, resulting in most 
of the star's mass being retained up until the final ex- 
plosion. However, at high metallicities significantly more 
mass is ejected in the stellar wind (which is rich in he- 



lium and carbon), and leaves a smaller mass fraction which 
can be converted into oxygen. The relatively high carbon 
and low oxygen abundances derived here are in qualita- 
tive agreement with the situation predicted by these mod- 
els. A full study of the evolution of elements heavier than 
oxygen has not been undertaken using metallicity depen- 
dent yields. However Maeder (1992) has discussed how the 
combined yield of "heavy elements" (defined as Ne, Mg, 
Si, S, Ca & Fe) from massive stars varies with original 
metal composition. Interestingly, he finds that the "heavy 
element" contributions of the stellar models at high metal- 
licity {Z ~ 0.02) are not as low as is the case for oxygen. 
The situation is further complicated by the fact that chem- 
ical yields are dependent on the conditions for black hole 
formation since the final yield of a pre-supernova massive 
star (pictured in the conventional onion-skin model) de- 
pends on what fraction of the stellar layers are retained 
during core collapse. 

The observational findings presented here should pro- 
vide a stimulus to investigations of the evolution of the 
Galaxy at high metallicities, given the probability that 
stellar yields are highly variable with metallicity, and de- 
pendent on the limits of black hole formation. Further- 
more, we should attempt to determine the true quantita- 
tive variation in the ratios of the a-elements in the inner 
Galaxy to investigate if this trend is real. The recent chem- 
ical evolution models of Portinari & Chiosi ( |1999| , pOOO ) 
do indicate that the O abundance gradient may indeed 
flatten off in the region 3 ^ -Rg ^ 6 kpc, which is encour- 
aging. However their SN Type II yields would suggest that 
the other a-processed elements (Mg and Si) should follow 
a similar trend, which we do not observe. Boissier & Prant- 
zos ( 1999| ) also suggest that their evolutionary models for 
the Milky Way predict a flattening of the metallicity gra- 
dient with time, and that saturation is reached in the inner 
Galaxy. This is in reasonable quantitative agreement with 
what we find for oxygen abundances, but does not explain 
the behaviour of the other elements. 



5.3. Carbon and nitrogen abundances towards the 
Galactic Centre 

Each of the four stars do appear to have nitrogen abun- 
dances significantly higher than their solar neighbourhood 
counterparts. The result for LS5130 is more marginal than 
the others, but with 19 features measured an error in the 
mean {a j ^/n) of 0.03 dex would suggest that the enrich- 
ment is real although small. Figure 4(b) shows the nitrogen 
abundances of the Galactic Centre stars plotted along with 
a sample of stars from RSDR, and the H ii regions from 
Afflerbach et al. (1997). The gradient found in RSDR ap- 
pears to continue towards the Centre; certainly the abun- 
dance estimates do not appear to flatten as for oxygen. 
Reasonably good agreement with the absolute values of 
the Hii region analyses is found, and we calculate quite a 
significant gradient for log N/0. The full sample of RSDR 
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Fig. 6. (a): Asterisk symbols are aluniinium abundances 
of the Galactic Centre objects and circular points are Al 
abundances from RSDR stars. Error bars for the Galactic 
Centre stars are taken as typically ±0.2 dex. The dotted 
line is a least-squares straight-line fit for all the B-type 
stellar data, with a gradient of —0.05 ± 0.01 dexkpc"^, 
similar to that derived by RSDR. The solar point comes 
from TableQ (b): Asterisk symbols are stellar sulphur 
abundances and filled squares are results from Afflcrbach 
et al. (1997). Little reliable stellar data exists for S in the 
outer Galaxy. 



yielded a gradient in N/0 of — 0.04± 0.02 dexkpc^^, and 
this is increased slightly by the inclusion of the four Galac- 
tic Centre stars. The latter effect is clearly due to the stars 
showing enhanced nitrogen in their atmospheres, but nor- 
mal oxygen. We have previously discussed the possibil- 
ity of N-rich core gas contaminating the surface of young 
massive stars, and hence polluting the natal photospheric 
material (RSDR). However due to the lack of a strong 
anti-correlation of C and N, RSDR found no evidence for 
such contamination and the same argument holds for the 
four stars analysed here. 

An explanation of the N/0 gradient was discussed in 
RSDR, based on the original ideas of Vila-Costas & Ed- 
munds ( 1993| ). At metallicities higher than 12 -I- log 0/H 
^--^8.3, log N/0 would be proportional to log 0/H, because 
N enrichment would be dominated by secondary produc- 
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Fig. 7. (a): The Galactic abundance gradient of carbon, 
composed of the four programme stars and the data from 
RSDR. A gradient of -0.07±0.02dexkpc-i is found, sim- 
ilar to that reported by RSDR. Three of the four stars in 
our sample do appear C-rich from their differential abun- 
dances. The solar symbol and the solar neighbourhood B- 
type star value (the large square) are taken from Table Q. 
(b): The logC/0 abundances are plotted and a least- 
squares gradient of — 0.05±0.02dexkpc~^ is deduced. This 
provides stronger evidence than in RSDR that a C/0 gra- 
dient exists in the Galaxy and is due to the four Galactic 
Centre stars having normal O abundances, while three are 
significantly C-rich. The solar and neighbourhood B-type 
star ratios are again taken from TableH. 



tion, i.e. from C and O seed nuclei in the natal inter- 
stellar material through the CNO-cycle. Primary produc- 
tion would play a minimal role in contributing to the ISM 
abundance of N, and simple closed-box models in which 
the production of N is dominated by secondary produc- 
tion do predict a linear trend. At low metallicities the 
secondary component becomes less important (due to its 
inherent dependence on metallicity), and the dominant 
mechanism for the production of nitrogen is primary. The 
metallicity at which this happens is around 8.3 dex, close 
to the value found in the outer most regions of the Galac- 
tic disk. These ideas stem from the fact that the N/0 
ratios in low metallicity dwarf galaxies show a very large 
scatter, with little discernable trend. As primary nitrogen 
orginates in low-intermediate mass stars there is a time 
delay between is enrichment and that of primary oxygen 
(from short-lived massive stars), hence the scatter at low 
metallicitities is often interpreted as time dependent de- 
lays between oxygen and nitrogen enrichments. However 
at the high metallicities we are dealing with, it is likely 
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that secondary production (in massive stars is dominant), 
and there would thus be no delay between N and O pro- 
duction. Our N/0 ratios toward the Galactic Centre tend 
to support the conclusions of RSDR that the N/0 gradient 
in the Galaxy is real, and due to secondary N production 
dominating across the disk. 

In Fig.0 carbon abundances for the four Galactic Cen- 
tre stars and from the RSDR compilation are plotted. As 
three of our new points are C-rich, it is not surprising 
that the abundances appears to steadily increase toward 
the Centre. As discussed for nitrogen, because the stars 
are not rich in oxygen the C/0 ratio is greater than nor- 
mal, hence producing a larger (and statistically more sig- 
nificant) gradient than that given in RSDR. As discussed 
by Maeder (1992) this would be consistent with C be- 
ing produced at a greater rate than O in metal-rich stars 
(SectionpTa), due to the increased mass- loss in the post 
He-burning phase. 

6. Conclusions 

The analysis of high-quality data for four blue stars lying 
towards the Galactic Centre, and a comparison with young 
stars throughout the Galactic disk, leads to the following 
conclusions 

1. The four stars appear to be normal, young, massive, 
early B-type stars. They lie slightly out of the Galactic 
plane and their calculated distances indicate that they 
are at distances from the disk of 0.4 < z < 1.2 kpc. A 
kinematic analysis indicates that they were probably 
born in the disk within 2.5 — 5 kpc of the Galactic Cen- 
tre and then subsequently ejected. Comparison with 
Galactic structure models suggests they may have orig- 
inated in the stellar or molecular ring at i?g ~ 3 kpc. 

2. A differential line-by-line abundance analysis of the 
four stars with two bright stars near the Sun indicates 
a surprising abundance pattern: 

- Two of the stars (LS5130 and LS4419) have oxygen 
abundances very similar to stars in the solar neigh- 
bourhood. The other two (LS4784 and LS5130) 
show only marginal evidence for enhanced oxygen. 
In all cases any enhancement is significantly be- 
low the 0.3 — 0.4 dex that would be expected given 
the Galactic position of the stars and the gradient 
from RSDR. Oxygen is a very reliably determined 
abundance in these particular types of stars. 

— The relatively well measured abundances of Si, Al, 
Mg and S however do indicate that these stars have 
enhanced abundances in most other elements. How- 
ever, the physical cause of the natal gas having a 
"normal" oxygen content and enriched a-processed 
elements is unclear. The Si and Mg abundances are 
consistent with the continuation of the linear gra- 
dient derived by RSDR for stars in the solar neigh- 
bourhood and the outer Galaxy. 



— The four stars also appear rich in both C and 
N, again in agreement with a continuation of the 
RSDR gradients towards the Centre. 

— We discuss the possible errors in our analysis, 
and conclude that it is unlikely that these stars 
have higher oxygen abundances than those typi- 
cally found in the solar neighbourhood. It is also 
very likely they are rich in all the other elements 
studied (C, N, Mg, Si, S, Al) although the physical 
pocesses that produces such a pattern is unclear. 

Appendix A: Table 9 and 10 are the lists of 
equivalent widths of all metal lines measured in 
the spectra of the Galactic centre stars and the 
standards t Her, and 7 Peg. and is available 
electronically 
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Table 9. Appendix: Equivalent widths (niA) of the non- 
diffuse helium lines and the metal lines in the stars 
LS5130, LS4419, LS4784 and the spectroscopic standard 
7Peg. Each equivalent width has been assigned error es- 
timates as follows - a: error less than 10% - b: error less 
than 20% - c: error greater than 20%. 



Species 


and Line LS5130 


LS4419 


LS4784 


7Pcg 


Ol 


3911.96 


57a 




96c 


76b 


50a 


Cl 


3918.98 


138a 




130a 


261a'' 


_ 


Ni 


3919.01 












Oi 


3919.28 












Ci 


3920.69 


127a 




113a 


- 


- 


Oi 


3945.04 


30b 




63b 


58c 


- 


Oi 


3954.37 


51a 




63b 


74b 


48a 


He 


3964.73 


177a 




187a 


188a 


155a 


Oi 


3982.72 


29c 




72bi 


60a^ 


31a 


Sii 


3983.77 


28c 




- 


- 


14a 


Ni 


3995.00 


102a 




104a 


93a 


78a 


Ni 


4035.08 


35b 




46a 


42c 


25a 


Ni 


4041.31 


44b 




51a 


60b 


37a 


Oi 


4069.62 


95a 




115a 


97b 


94 


Oi 


4069.89 












Oi 


4072.16 


62a 




75a 


43c 


65a 


Ci 


4074.48 


48b 




147a^ 


141b^ 


42a 


Ci 


4074.85 












Ci 


4075.85 












Oi 


4075.86 


124a 




- 


- 


- 


Ci 


4076.53 












Ni 


4076.91 












Oi 


4078.84 


24c 




19c 


- 


26a 


Oi 


4085.11 


32c 




39b 


34b 


26a 


Oi 


4087.15 


22c 




- 


- 


12a 


Sii\ 


4088.85 


37c 




44b 


61a 


_ 


Oi 


4089.28 












Spe 


cies and Line 


LS5130 LS4419 LS4784 7Peg 




Siiv 4116.10 




20c 


- 


- 


- 




On 4119.22 




62a 


- 


- 


- 




On 4120.28 




291a 


_ 


_ 


_ 




He: 4120.81 














He: 4120.99 














On 4121.46 














Sin 4128.07 




53a 


38c 


65b 


33a 




Sin 4130.89 




54a 


86c^ 


70c=' 


34a 




Aril 4131.71 




38b 


- 


- 


17a 




On 4132.80 




33b 


- 


54c^ 


30a 




Aim 4149.50 




_ 


56b 


64a 


_ 




Aim 4150.14 










- 




Sii 4153.10 




60a 


125b 


105a 


_ 




On 4153.30 














Sii 4162.70 




47b 


- 


- 


- 




Fom 4164.79 




45c 


32b 


_ 





Species 


and Line 


LS5130 


LS4419 


LS4784 


7Peg 


Sii 


I 4253.59 


- 


118a 


- 


- 


Oi 


I 4253.90 










Oi 


I 4254.13 










Ci 


I 4267.02 


262a 


245a 


305a 


_ 


Ci 


I 4267.27 










Oi 


I 4267.71 










Oi 


I 4275.56 


- 


97b 


123a*' 


- 


Oi 


I 4277.40 


- 


72b 


- 


16a 


Sii 


I 4284.99 


- 


- 


47c 


28a 


Si 


I 4294.43 


35b 


50b 


37c 


_ 


Oi 


I 4294.79 










Oi 


I 4303.84 


30c 


62a 


54c 


26a 


Ci 


I 4313.30 


17c 


- 


- 


- 


Oi 


I 4317.14 


58a 


76a 


64b 


56a 


Ci 


I 4317.26 










Oi 


I 4319.63 


48a 


78a 


63b 


52a 


Oi 


I 4325.76 


40b 


23b 


29c 


20a 


Oi 


I 4345.56 


30c 


- 


- 


24a 


Oi 


I 4347.42 


26c 


- 


- 


21a 


An 


I 4348.11 


32c 


- 


- 


- 


Oi 


I 4349.43 


66b 


- 


- 


63a 


Oi 


I 4351.26 


31c 


- 


- 


41a 


Oi 


I 4366.89 


60a 


61a 


32c 


48a 


Oi 


I 4369.27 


- 


- 


- 


14a 


Ci 


I 4372.49 


52a 


91a 


67c« 


- 


Ci 


I 4374.27 


32b 


- 


- 


- 
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Species 


and Line 


LS5130 


LS4419 


LS4784 


7Peg 


Fell 


I 4395.78 


40b 


60a 


58b 


- 


Ol 


I 4395.94 










Ci 


I 4411.20 


38b 


63b 


_ 


_ 


Ci 


I 4411.52 










Oi 


I 4414.90 


84a 


95a 


52c 


75a 


Oi 


I 4416.97 


64a 


76a 


28c 


61a 


Fen 


I 4419.59 


44b 


32c 


35c 


34a 


Fell 


I 4430.95 


33c 


- 


39c 


24a 


Ni 


I 4432.74 


38c 


- 


51c 


20a 


Ho 


I 4437.55 


126a 


103a 


135a 


118a 


Ni 


I 4442.02 


- 


- 


38c 


9a 


Ni 


I 4447.03 


60a 


_ 


72b 


15a 


Oi 


I 4448.19 










Oi 


I 4452.37 


31c 


- 


29c 


25a 


Alii 


I 4479.89 


55a 


_ 


_ 


38a 


Alii 


I 4479.89 










Mgi 


I 4481.13 


202a 


196a 


265a 


160a 


Mgi 


I 4481.33 










Alii 


I 4512.54 


57a 


65a 


63a 


39a 


Alii 


I 4528.91 


73a 


144ai« 


135ai" 


66a 


Alii 


I 4529.20 










Ni 


I 4530.40 


29c 


- 


- 


25a 


Ni 


I 4552.53 


174a 


199a 


187a 


114a 


Sin 


I 4552.62 










Sin 


I 4567.82 


150a 


152a 


151a 


102a 


Sin 


I 4574.76 


81a 


97a 


90a 


69a 


Oi 


I 4590.97 


52a 


87a 


67a 


- 


Oi 


I 4596.18 


59a 


74a 


52a 


47a 


Ni 


I 4601.48 


62b 


107a 


90a 


37a 


Oi 


I 4602.13 








15a 



Species 


and Lino 


LS5130 


LS4419 


LS4784 


7Peg 


Ni 


I 4607.16 


56a 


64a 


68a 


35a 


Oi 


I 4609.44 


41b 


63a 


50a 


30a 


Ni 


I 4613.87 


55a 


79a 


56a 


27a 


Ci 


I 4618.40 


137c 


82a 


213aii 


_ 


Ci 


I 4619.23 










Ni 


I 4621.29 


41b 


73a 


- 


26a 


Ni 


I 4630.54 


92a 


122a 


123a 




Oi 


I 4638.86 


61b 


81a 


71a 


54a 


Oi 


I 4641.82 


74b 


171a* 


172a* 


76a 


Ni 


I 4643.09 


58b 


- 


- 


42a 


Cii 


I 4647.42 


- 


230a 5 


192a^ 


- 


Oi 


I 4649.14 


90a 


- 


- 


92a 


Oi 


I 4650.84 


64b 


- 


- 


52a 


Oi 


I 4661.63 


67a 


94a 


75a 


54a 


Oi 


I 4673.74 


26c 


- 


- 


19a 


Oi 


I 4676.24 


44c 


45c 


- 


46a 


Ni 


I 4678.10 


24c 


- 


- 


- 


Ni 


I 4694.70 


15c 


- 


- 


9a 


Oi 


I 4696.35 


15c 


- 


- 


12a 


Oi 


I 4699.00 


42a 


69c 


37a 


_ 


Oi 


I 4699.22 










Oi 


I 4703.16 


- 


66a^ 


53a'^ 


- 


Oi 


I 4705.35 


47b 


- 


- 


- 


Oi 


I 4710.01 


30b 


40c 


- 


20a 


Ho 


I 4713.14 


289a 


283a 


250a 


271a 


Ho 


I 4713.37 
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Species 


and Line 


LS5130 


LS4419 


LS4784 


7Pcg 


Sill 


4716.65 


41b 


52b 


- 


12a 


Ni 


4779.67 


18c 


36c 


44b 


10a 


Ci 


4802.70 


28c 


- 


- 


15a 


Ni 


4803.29 


37c 


61a 


74a 


18a 


An 


4806.07 


29c 


21c 


- 


18a 


Sill 


4813.30 


31b 


41a 


75bi2 


21a 


Si 


4815.52 


54b 


27b 


- 


27a 


Sill 


4819.72 


55b 


55a 


50a 


40a 


Si 


4824.07 


12c 


- 


18c 


- 


Sin 


4828.96 


44b 


64a 


59a 


- 


An 


4879.14 


28b 


- 


19c 


- 


Oi 


4890.93 


21c 


22b 


- 


11a 


Oi 


4906.83 


38b 


- 


29b 


- 


Oi 


4941.07 


25b 


38b 


14c 


15a 


Oi 


4943.00 


39b 


52b 


45c 


28a 


Si 


4991.94 


16c 


- 


24c 


22a 


Ni 


4994.36 


31b 


55a 


59b 


- 


Si 


5009.62 


32b 


- 


- 


- 


Ni 


5010.62 


40b 


40c 


- 


- 


Si 


5014.03 


52b 


- 


- 


- 


Ho 


5015.68 


322a 


319a 


354a 


- 


Si 


5032.41 


66b 


56a 


91a 


- 


Si I 


5041.03 


24c 


- 


30c 


15a 


Species 


and Line 


LS5130 


LS4419 


LS4784 


7Pcg 


Ni 


5045.09 


54b 


59a 


47c 


- 


He 


5047.74 


207a 


163a 


179b 


- 


Si I 


5055.98 


35c 


_ 


56b 


22a 


Si I 


5056.31 










Si 


5103.30 


- 


- 


20c 


- 


Ci 


5132.96 


97a 


74a 


99a 


_ 


Ci 


5133.29 











Table 10. Equivalent widths (mA) of the non-diffuse he- 
lium lines and the metal lines in the stars LS5127 and 
tHer. 



Species 


and Lino 


LS5127 


tHor 


Oi 


3911.96 


50c 


12a 


Ci 


3918.98 


340b 


72a 


Ni 


3919.01 




- 


Oi 


3919.28 




8a 


Ci 


3920.69 




88a 


Oi 


3954.37 


44c 


20a 


He 


3964.73 


210c 


132a 


Ni 


3995.00 


108a 


40a 


Ni 


4041.31 


57b 


19a 


Ni 


4043.53 


59b 


9a 


Oi 


4069.62 


182a 


16a 


Oi 


4069.89 




19a 


Oi 


4072.16 




27a 


Ci 


4074.48 


185a 


15a 


Ci 


4074.85 




9a 


Oi 


4075.86 




32a 


Ci 


4076.53 




- 


Ni 


4076.91 




- 


Oi 


4119.22 


324a 


_ 


Oi 


4120.28 






He 


4120.81 






Ho 


4120.99 






Oi 


4121.46 






Fell 


4122.06 






Fell 


4122.98 






He 


4168.97 


70b 


81a 


Ni 


4241.78 


67a 


16a 


Sii 


4253.59 


69a 


13a 


Oi 


4253.90 




4a 


Oi 


4254.13 




2a 


Ci 


4267.02 


338a 


184a 


Ci 


4267.27 






Oi 


4267.71 






Sin 


4267.80 




26a 



On 5159.94 



23a 



38a 



37a 



Notes: 

1. Blend of On 3982.72 and Siii 3983.77. 

2. Includes the On, Nil and Cii lines at 4075-4076 AA. 

3. Blended with Am 4131.71. 

4. Blended with Nil 4643.09. 

5. Blended with On 4649.14 & 4650.84. 

6. Blended with O ii 4705.35. 

7. Also includes Cii 3920.69. 

8. Blended with O ii 4277.40. 

9. Blended with Cll 4374.27. 

10. Blended with Nil 4530.40. 

11. Blended with Nil 4621.29 . 

12. Blended with S ll 4815.52. 
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Species 


and Line 


LS5127 


iHcr 


Si 


4294.43 


43a 


24a 


Oi 


4294.79 




3a 


Oi 


4303.84 


39a 


9a 


Oi 


4325.76 


55c 


6a 


Ci 


4325.83 




- 


Ci 


4326.16 




- 


Sii 


4361.53 


39c 


4a 


Oi 


4366.89 


42c 


16a 


Ci 


4372.49 


48c 


- 


Fell 


4395.78 


43b 


15a 


Oi 


4414.90 


101b 


28a 


Oi 


4416.97 




23a 


Fen 


4419.59 


53a 


23a 


Ho 


4437.55 


101a 


102a 


Ni 


4447.03 


65b 


18a 


Si 


4463.58 


36b 


14a 


Mgi 


4481.13 


423a 


205a 


Mgi 


4481.33 






Alii 


4512.54 


60a 


20a 


Si 


4524.95 


47b 


22a 


Alii 


4528.91 


100b 


6a 


Alii 


4529.20 




28a 


Ni 


4530.40 




7a 



Species 


and Lino 


LS5127 


iHcr 


Pel 


4549.47 


49b 


- 


Si 


4552.38 


191a 


71a 


Sin 


4552.62 






Sin 


4567.82 


156a 


59a 


Sin 


4574.76 


93a 


27a 


Pel 


4583.83 


39b 


12a 


Oi 


4590.97 


39c 


17a 


Oi 


4596.18 


32c 


12a 


Ni 


4601.48 


49c 


15a 


Ni 


4607.16 


47c 


14a 


Ci 


4618.40 


114c 


_ 


Ci 


4619.23 






Ni 


4621.29 






Sii 


4621.42 






Sii 


4621.72 






Pol 


4629.34 


107a 


_ 


Ni 


4630.54 






Oi 


4638.86 


43a 


21a 


Oi 


4641.82 


108a 


24a 


Ni 


4643.09 




17a 


Si 


4648.17 


170a 


5a 


Oi 


4649.14 




34a 


Oi 


4650.84 




17a 


Si 


4656.74 


26b 


10a 


Oi 


4661.63 


65b 


15a 


Alii 


4663.05 




13a 


Ho 


4713.14 


306a 


239a 


Ho 


4713.37 






Sin 


4813.30 


81b 


8a 


Si 


4815.52 




40a 


Sin 


4819.72 


47c 


- 
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Species and Line 


LS5127 


tHer 


SlI 


5014.03 


522a 


38a 


Hoi 


5015.68 




233a 


Sii 


5032.41 


128a 


47a 


Sin 


5041.03 


85a 


42a 


Nil 


5045.09 


190a 




Sii 


5047.28 






He I 


5047.74 






Sill 


5055.98 


182a 


82a 


Sin 


5056.31 







